In this research, multiwall carbon nanotubes were dispersed in a copper matrix using a planetary ball mill. The mixed powders were compacted using a uniaxial hydraulic presser. A novel method of microwave sintering was applied to consolidate Cu-CNT nanocomposites Conventional sintering method was also used to sinter samples to investigate the effects of applied methods on the properties of the sample. Sintering time was reduced to 20 min using microwave sintering method. The morphology and phase analysis of nanocomposites were studied by FESEM and XRD. The physical and mechanical properties of Cu-CNT nanocomposites were characterized using electrical conductivity, bending strength, and micro-hardness. The results show that the mechanical properties of Cu-CNT nanocomposites are improved significantly by microwave route. The optimum hardness and bending strength were obtained for 4 vol. % CNT as an optimum amount of reinforcement.
Introduction
Copper is known as one the most effective materials used for thermal and electronic applications such as in rocket engines [1] and high-voltage switches [2] for many years, although Cu usage is limited in these applications due to its low mechanical strength [2] .
A wide range of researchers have been dedicated to the progress of polymer [3] [4] [5] and ceramic [6] [7] [8] reinforced with carbon nanotubes (CNTs). In addition, the combination of CNT with metal matrix [9] [10] [11] [12] has recently become the main topic worth investigating. Last several decades, Cu composites have been studied and applied in a wide range of industries.
The invention of CNT by Iijima [13] in 1991 revolutionized in the areas of technology and materials. Previous researchers have showed that CNTs (SWCNTs and MWCNTs) possess excellent properties such as extremely-high elastic modulus of 0.5-2 TPa [14] [15] [16] [17] , tensile strength of 20-150 GPa [18] [19] [20] [21] , thermal conductivity (3000-6000 W/mK) [22] [23] [24] , low coefficient thermal expansion (~ 0×10 -6 1/K) [25] [26] along with self-lubricant [1] and high flexibility [14, 27] .
In literature, various synthesis techniques for producing metal matrix composites (MMCs) were employed, which are categorized into two main groups: liquid state processing (e.g. casting, and liquid infiltration), and solid-state processing, based on powder metallurgy techniques. Liquid state processing is an effective technique to fabricate MMCs; however, the main disadvantages are the difficult distribution of reinforcement and high reactivity of the matrix with reinforcement, which occurs at high temperatures [28] . Powder metallurgy has been considered as a prevalent method to produce MMCs with less wasting materials and machining operations [29] [30] [31] .
One of the most important issues in conventional sintering of nanocomposites is the grain growth, which is an intrinsic problem in the densification of nanocomposites. Advanced sintering techniques have been attracted to restrict the grain growth such as spark plasma sintering (SPS), hot isostatic pressing (HIP), or high presser torsion (HPT). The grain growth inhibition during sintering is expected to achieve preferable mechanical properties such as higher hardness and strength that are attributed to finer the grain sizes [32, 33] .
There are fundamentally several differences between microwave and conventional sintering techniques. In microwave sintering, oscillations of free electrons at high frequency (~2.45-28 GHz) created by microwave field result in fast volumetric heating [33] [34] [35] . This fast sintering method improves the mechanical properties by maintaining a fine grain structure. In addition, microwave sintering has major advantages including a decline in thermal shock from the surface to core of the structure by effective and rapid heating, higher energy efficiency rate, uniformly heating, and reducing the time for grain growth and cost savings [36] . Recently, various reports have indicated that MMCs can be successfully fabricated by microwave sintering [37] [38] [39] .
Rajkumar and Aravindan have shown an improvement in hardness and tribological properties of Cu-CNTs composites sintered by microwave route [37] . Akeem et al. have presented a significant increase in hardness and compressive strength of CNT reinforcement for AZ61 Magnesium Alloys [40] . For better clarification, this work presents the results of mechanical and electrical properties of Cu-CNT composites sintered by microwave technique. Also, optimum sintering time and amount of CNT to produce nanocomposite samples by the microwave sintering method have been reported. In addition, a remarkable comparison has been made between conventional and microwave sintering methods, indicating that long synthesis time of samples by the conventional method can be replaced with a shorter time (comparatively, one-sixth of the time) by microwave method.
Experimental procedure

Materials
Copper powder (provided by PMC of Iran) with 99.9 % purity and grain size of less than 25 µm as the matrix material, multi-walled carbon nanotubes with 20-30 nm diameter and purity level of > 95 % as the reinforced material (prepared by US Nano of America) were used for this work. The SEM and TEM images of MWCNT are shown in Fig. 1 .
Fig. 1. Micrographs of MWCNT: (a) SEM and (b) TEM.
Copper powder was mixed with MWCNT at 120 rpm in a planetary ball mill using a stainless-steel jar under argon atmosphere. The mixed powders were pressed into a uniaxial die of stainless steel at the pressure of 450 MPa. Microwave and conventional sintering methods were applied to sinter the compacted samples. In microwave processing method, the samples were immersed in SiC bed (which absorbs microwave and supplies necessary thermal energy for sintering) inside alumina crucibles and under Ar-atmosphere in a microwave oven (900 W, 2.45 GHz, LG microwave oven). The sintering time for Cu-1 vol. % CNT nanocomposites samples were done at 10, 15, 20 and 25 min. The other samples were sintered in a tube furnace under Ar-atmosphere at 900 °C temperature for 2 h.
Characterization
The Archimedes method was used to measure the density of the sintered specimens according to ASTM B311. Vickers micro-hardness measurements were performed on the polished sample using an HVS-1000A automatic digital microhardness tester under a loading of 50 g and a dwell time of 10 s in accordance with the ASTM standard E92. The bending strength test was carried out using a Zwich Roaell-Z100 universal testing machine with an initial strain of 0.5 mm/min at room temperature (according to ASTM D790). The electrical conductivity of sintered samples was measured according to the international annealing copper standard (IACS %) by Sigmore 100 testing machine.
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X-ray diffraction (XRD) analysis of the sintered samples was performed using a Xpert Philips Diffractometer (Cu kα radiation with λ=1.5404 ºA) with the voltage and current setting of 40 kV and 30 mA, respectively. In order to observe the microstructure of the nanocomposite samples, a field emission scanning electron microscope (FESEM) fitted with energy-dispersive X-ray spectroscopy (EDX) was used.
Result and discussion
Effect of microwave sintering time and CNT content
As shown in Fig. 2 , the relative density of Cu-1 vol. % CNT nanocomposites samples increased with an increase in sintering time; however, at a longer heating time up to 25 min, the relative density has a tendency to decrease. Therefore, the optimum heating time, which results in maximum relative density, was obtained to be 20 min in this work. These mechanical properties were improved with the increase of the sintering time up to 20 min, which is the result of the relatively higher density, as shown in Fig.  2 . The maximum microhardness and bending strength were obtained at about 20 min of microwave sintering. As the sintering through microwave processing can generate the finer structure, the grain boundaries increase in the structure; accordingly, they restrict dislocation movements and lead to increase in the hardness and bending strength [40] . The finer structure can be observed through FESEM micrographs of nanocomposite at 20 min rather than 10 min (Fig. 4) . However, micro-hardness and bending strength decreased for a further increment of time (i.e., up to 25 min). This decrease could be related to the effect of grain growth (Fig. 4(c) ) as well as the decline of the relative density of Cu-1 vol. % CNT nanocomposite, when samples were heated more than 20 min. As a result, according to Fig. 3 , the optimum sintering time is 20 min for the samples sintered in the microwave oven. 
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In the following, a comparison between conventional and microwave sintering techniques is made. The optimum sintering temperature and time for MMCs based on copper reinforced CNT were reported at 900 °C and 2 h, by previous researches [22, [42] [43] [44] . Therefore, in this work, conventional sintering process was carried out at a sintering temperature of 900 °C for 2 h, and the samples produced by microwave sintering method was selected for 20 min sintering time. The measured temperature was about 830 °C on the surface of samples. Fig. 5 shows the relative densities of Cu-x % CNT (x=2, 4, 6 vol. %) nanocomposites using different sintering methods. The relative density decreases with an increase in CNT content in both methods.
This reduction could be related to the high volume of CNT agglomeration and porosity in the microstructure and lower density of CNT in the matrix.
Fig. 5. Comparison of relative densities between Cu-CNT nanocomposites produced
using a conventional and microwave sintering. Fig. 6 indicates the average of Vickers micro-hardness and bending strength as a function of CNT vol. % in both methods. The blocking of the dislocation movement in the matrix is more effective in the presence of CNT; also, the matrix of the Cu-CNT nanocomposites includes higher dislocation density due to the differences in thermal expansion coefficients of Cu and CNT, bringing about thermal mismatch stresses [45, 46] and high work-hardening rate. In comparison, nanocomposites produced by microwave-assisted sintering method have higher micro-hardness and bending strength values, which shows the improvement of the mechanical properties.
It is interesting to note that the average measurements of micro-hardness of Cu matrix without CNT were obtained as 58.4 HV and 69.5 HV by conventional and microwave sintering methods, respectively. In addition, values of bending strength were 124.0 MPa for conventional sintering method and 127.2 MPa for microwave sintering method.
A significant reduction in hardness and bending strength can be observed for the samples containing 6 vol. % CNT in both methods due to large-volume agglomeration of the CNT and the presence of pores [47, 48] which could cause the bad effects on mechanical properties [49] . Nevertheless, compared with conventional sintering route, the hardness and bending strength of the samples produced by the microwave-assisted method are higher due to shorter sintering time and lower temperature, leading to the finer microstructure. 
Electrical conductivity
The electrical conductivity of Cu-CNT nanocomposites fabricated by conventional and microwave sintering methods is presented in Fig. 7 . There is a decrease in the electrical conductivity values with the increase of CNT in both methods. A significant reduction in electrical conductivity of the Cu-CNT nanocomposites is related to the dispersion of CNT in the Cu grain boundaries, operating as barriers against electron mobility and causing conductivity decline. The specimens with a highvolume fraction of the CNT (6 vol. % CNT) are likely to be less efficient in terms of carrier transport due to the existence of CNT clusters having larger grain-boundary per unit volume, resulting in lower carrier mobility and electrical conductivity decline. The most significant difference between conventional and microwave sintering methods is the heating mechanism. By conventional sintering method, the heating is concentrated along the surface of the samples [50, 51] . On the other hand, by microwave sintering method, the materials absorb microwave energy and transform it into heat. The microwave heating pattern and higher heating rate with a shortened sintering time can generate the finer of grain size [50] .
Microstructure
A comparison of nanocomposites microstructures containing 4 vol. % CNT produced by both of the methods is shown in Fig. 8 . The sample produced by microwave sintering has a finer microstructure and less porosity in compared to the sample produced by conventional sintering. The X-ray diffraction patterns of optimum samples (Cu-4 vol. % CNT nanocomposites) produced by both methods are shown in Fig. 9 . Three major peaks corresponding to FFC structure of copper exist in both patterns. The homogeneous dispersion of CNT in the matrix [52] , less amount, and amorphous structure of CNT [18, 53] could be the reason for the absence of CNT peaks. The most significant difference in both of the patterns is that the intensity of XRD peaks. The low intensity of XRD peak of microwave sintered sample is observed, which are probably due to low sintering time and temperature preventing grain growth in the structure. In addition, copper oxide diffraction is not indicated in patterns, probably due to the very low amount of surface oxidation of copper. Fig. 10(a) , point A is a region of agglomerated CNT that is rich in carbon (C). Therefore, a reduction in micro-hardness and strength values in the sample containing 6 vol. % CNT produced by microwave sintering method could be related to these agglomerations. Fig. 11 shows MAP (SEM mapping) analysis images of Cu and C elements for Cu-6 vol. % CNT nanocomposite produced by microwave sintering method. The images show a heterogeneous dispersion of C element in the matrix of nanocomposite which is related to the high CNT content in the nanocomposite. 
Conclusion
In this study, a comparison was made between conventional and microwave sintering methods of Cu-CNT nanocomposites. Higher relative density, electrical conductivity, micro-hardness, and bending strength were obtained by microwave sintering method. This is due to the shorter sintering time and lower sintering temperature which produce the finer microstructure proved by SEM images. This shows the high potential of microwave technique for sintering with the energy and timesaving.
The optimum amount of CNT was determined to be 4 vol. % based on mechanical properties results.
The XRD results show that the intensity of peaks related to the sample produced in a microwave oven was lower than that of peaks for the sample produced in a conventional tube furnace, implying a finer microstructure through microwave sintering method.
The FESEM micrographs proved that the finer microstructure was acquired in microwave sintering method due to shorter heating time and higher heating rate.
